Vitrification of immature germinal vesicle-stage oocytes is a promising method in assisted reproduction but is associated with reduced developmental potential and low birth rates. Cumulus-oocyte complexes (COCs) express several connexins that form hexameric hemichannels, which interact head to head to create a gap junction or exist as unopposed free hemichannels. The latter are normally closed but open under stress conditions and may exert detrimental effects. We determined whether minimizing hemichannel opening and cell death during vitrification could improve COC quality. Bovine immature COCs underwent vitrification, storage and warming, followed by dye uptake to assess hemichannel opening and TUNEL staining to detect cell death. Based on these scores, we optimized the procedure by tuning the equilibration time, temperature, cryoprotectant concentration and extracellular Ca 2+ concentration and assessed its impact on maturation, cleavage and blastocyst formation after parthenogenetic activation. We found that the major stressor resides in the cooling/warming phase of the vitrification procedure and observed that hemichannel opening and cell death in cumulus cells measure different aspects of cell stress. Optimization of the hemichannel and cell death readouts demonstrated that combined minimal hemichannel opening/cell death gave the highest cleavage rates but had no effect on maturation and blastocyst formation. Neither hemichannel nor cell death optimization performed better than the non-optimized protocol, leading to the conclusion that cell stress factors other than those detected by hemichannel dye uptake or TUNEL positivity are involved.
Introduction
The development of assisted reproductive technologies raised the need for accommodating cryopreservation techniques for gametes and embryos in animals and humans with vitrification being most commonly used. Cryopreservation by vitrification involves ultrarapid cooling without ice-crystal formation by plunging small sample volumes (<1 µL) into liquid nitrogen (LN 2 ), followed by storage and, upon use, warming (Arav 2014). While vitrification is currently the best option available, it still compromises oocyte viability and induces cell damage. Strong physical changes of temperature and osmolarity as a result of high concentrations of cryoprotectants (CPs), and chemical stress caused by pH changes and CP toxicity collectively bring the cells far outside normal physiological conditions (Kopeika et al. 2015) .
Contrary to MII-stage oocytes, immature oocytes can be retrieved at greater numbers without hormonal stimulation, which may trigger side effects like ovarian hyperstimulation syndrome (Brambillasca et al. 2013) ; moreover, they have their genetic material protected by the nuclear envelope. In animals, vitrification of immature oocytes facilitates the conservation of endangered species and recovery of female genetic material after the animal's death (Díez et al. 2012 , Hwang & Hochi 2014 . In humans, immature oocytes offer a chance for patients that poorly respond to hormonal treatment, cannot undergo lengthy hormone stimulation because of therapeutic urgency or are at risk for stimulating hormone-sensitive tumors.
The immature germinal vesicle-stage (GV) oocyte maintains a direct, bidirectional gap junctional communication with the cumulus cells via transzonal projections until the oocyte reaches the mature MII stage (Anderson & Albertini 1976 , Kidder & Vanderhyden 2010 Gap junctions are membrane channels composed of connexin (CX/GJA) proteins, named according to their molecular weight (Söhl & Willecke 2003) . Each CX has four transmembrane domain proteins, two extracellular loops, a cytoplasmic loop and cytoplasmic C-and N-terminal endings. Six CX (GJA) proteins form a hemichannel and the head-to-head interaction of two hemichannels from opposing cells, results in the formation of a gap junction channel, which connects the cytoplasm of the two cells in the most direct way possible (Evans & Martin 2002) . There are always single hemichannels present in the plasma membrane, existing as a pool underway to become gap junctions or as a pool with hemichannel faith only. Hemichannels are normally closed under physiological conditions but may open in response to various factors such as a decrease in extracellular Ca 2+ , an increase in intracellular Ca 2+ , strong depolarization of the membrane potential, ischemia, inflammation or mechanical stress (Wang et al. 2013 , Orellana et al. 2014 , Kim et al. 2016 . When open, hemichannels create a large conductance and poorly selective leakage pore allowing the entry or the escape of essential ions and molecules up to ~1.5 kDa, which may lead to cell damage and cell death (Decrock et al. 2009a , Retamal & Sáez 2014 . There are two main CX proteins in COCs that are crucial for folliculogenesis (Simon et al. 1997 , Ackert et al. 2001 : cumulus cells express CX43 (GJA1), which functionally connects these cells while the oocyte expresses CX37 (GJA4), which forms heterotypic CX37-CX43 gap junction channels with the cumulus cells at the level of the transzonal projections (Simon et al. 1997 , Veitch et al. 2004 .
Because human or primate material is not easy to obtain in quantities large enough for research, other animal models need to be considered. Unlike murine COCs that lose their cumulus cells during the vitrification procedure (Yamanaka et al. 2007 ), human and bovine COCs are less susceptible to disruption during handling, at least according to our experience. Apart from that, bovine oocyte size and the time required for oocyte growth and embryo development resemble the human (Ménézo & Hérubel 2002 , Santos et al. 2014 . Vitrification of oocytes with an intact cumulus cell surrounding has been reported to improve maturation and developmental rates in mouse (Miyake et al. 1993 , Nikseresht et al. 2015 , horse (Tharasanit et al. 2009 ), sheep (Bogliolo et al. 2007 , cow (Zhou et al. 2010) and human (Imoedemhe & Sigue 1992) . Moreover, interruption of gap junctional communication during COC vitrification may lead to compromised morphology and developmental competence (Hochi et al. 1996 , VandeVoort et al. 2008 , Luciano et al. 2009 ). While several studies have reported the consequences of disrupted gap junctions, very little is known about the impact of vitrification at the level of hemichannels. In a previous study, we reported that vitrification acted as a trigger for hemichannel opening in blastocyst cells and that inhibiting hemichannel opening with the CX-targeting peptide Gap26 significantly improved blastocyst hatching (Ortiz-Escribano et al. 2017) . Here, we set out to determine the effect of vitrification on the immature GV-stage oocyte and surrounding cumulus cells on hemichannel opening and cell death. We hypothesized that minimizing hemichannel opening and cell death would improve oocyte maturation and subsequent development to the blastocyst stage. Our results demonstrate that vitrification by immersing COCs into LN 2 , followed by storage and subsequent warming are crucial steps that lead to hemichannel opening in cumulus cells while procedural COC manipulations or exposure to CP-containing solutions by themselves had no effect. Minimizing hemichannel opening and cell death improved cleavage rate compared to minimizing cell death with residual hemichannel opening. Low combined scores of hemichannel opening and cell death are thus preferred to guide improvements of vitrification protocols.
Materials and methods

Reagents and media
Culture and handling media: HEPES-TALP (in mM) NaCl (114), KCl (3.1), NaH 2 PO 4 (0.3), CaCl 2 (2.1), MgCl 2 (0.4), NaHCO 3 (2), sodium pyruvate (0.2), sodium lactate (10), HEPES (10) and further supplemented with 10 µg/mL gentamycin sulfate and 3 mg/mL bovine serum albumin (BSA). The final pH was set at 7.4; phosphate-buffered saline (PBS) and synthetic oviduct fluid (SOF, in mM): myo-inositol (2.8), sodium citrate (0.3), NaCl (107.6), KCl (7.2), KH 2 PO 4 (1.2), MgSO 4 5H 2 O (1.5), Na lactate (7.1), NaHCO 3 (28.4), Na pyruvate (0.7), CaCl 2 .2H 2 O (1.8), glutamine (0.4), and supplemented with 50 µg/mL gentamycine, 0.4% (W/v) BSA, 5 µg/mL insulin, 5 µg/mL transferrin, 5 ng/mL selenium (Ortiz-Escribano et al. 2017 All media, except the vitrification and warming media, were filtered through a sterile 0.22 μm filter (Millipore Corporation) before use. Unless otherwise stated, all other components were obtained from Sigma.
Collection of GV COCs
The ovaries were collected from the slaughtered cattle and washed in warm physiological saline supplemented with kanamycin (25 mg/mL, GIBCO-BRL Life Technologies, Merelbeke, Belgium). COCs were recovered from follicles with a diameter of 2 to 8 mm using an 18 gauge needle attached to a 10 mL syringe. GV-stage oocytes with homogeneous dark cytoplasm and compact cumulus cells were selected and used in the experiments.
In vitro maturation
COCs were matured in groups of 70 in 500 μL bicarbonatebuffered TCM199 medium (Life Technologies), supplemented with 50 mg/mL gentamycin and 20 ng/mL epidermal growth factor. Maturation was performed at 38.5°C in 5% CO 2 in humidified air for prolonged time of 26 h, because we observed that after vitrification, oocytes needed more time for finalizing meiotic maturation. Each replicate, a part of the experimental group (~20 oocytes from total of 70) was set aside for assessment of nuclear maturation, rest of the group (~50 oocytes) were parthenogenetically activated. Nuclear maturation of oocytes was checked by 10 min staining with 10 μg/mL Hoechst 33342 (Life Technologies), after denudation and fixation in 4% PFA. Oocytes were mounted in 1,4-diazabicyclo (2.2.2) octane -DABCO medium and visualized on an inverted epifluorescence Nikon TE300 microscope with a 20× or 40× oil immersion objective and equipped with a DS-Ri1 camera (Nikon Benelux). Oocytes were classified as immature GV stage (presence of the nucleus), intermediate (germinal vesicle breakdown (GVBD) and metaphase I (MI)) or mature metaphase II (MII) characterized by the presence of genetic material organized in the chromosomes.
Parthenogenetic activation and culture
Matured oocytes were separated from the cumulus cells by 5 min vortexing in HM medium containing hyaluronidase (1 mg/mL) and then incubated 5 min in 5 µM ionomycin, washed in HM medium and incubated in SOF medium with 2 mM 6-dimethyl-aminopurine (6-DMAP) for 4 h (Ortiz-Escribano et al. 2016) . After incubation, parthenotes were washed and cultured in groups of 25 in 50 µL droplets in supplemented SOF medium with ITS (5 µg/mL Insulin + 5 µg/ mL Transferrin + 5 ng/mL Selenium) and 0.4% BSA (Wydooghe et al. 2014 ) at 38.5°C in 5% CO 2 , 5% O 2 and 90% N 2 . Cleavage rates (the number of 2-cell stage embryos) were determined 45 h post activation, and blastocyst rates 8 days post activation.
Vitrification protocol
Immature COCs were vitrified and warmed with a slightly modified protocol published earlier (Stoop et al. 2012 ), see Fig. 1 . Vitrification was performed stepwise at room temperature (RT, 22-26°C): two equilibration steps (STEP 1 and STEP 2), loading on a vitrification straw (STEP 3) and plunging in LN 2 , (STEP 4). For equilibration STEP 1, COCs were transferred to a 50 μL droplet of BM solution for 1 min. This droplet was then merged with an adjacent 50 μL droplet of ES1 for 2 min; then, this droplet was again merged with a third 50 μL ES1 droplet for 2 min. Next, oocytes were transferred to a fourth ES1 droplet for 10 min. STEP 2 included sequential transfer to four 25 µL droplets of ES2 solution, for 5 s, 5 s and 10 s, respectively. The last droplet was used to load 8-9 COCs in the top of the gutter of the high-security vitrification (HSV) straw, at minimal volume (<1 µL) -STEP 3. The loading device was slid into the vitrification straw and sealed with a heating device. Finally, it was transferred to LN 2 -STEP 4. After approximately 12 h of storage in LN 2 (STEP 5), the upper part of the HVS straw was cut and the loading device was transferred quickly into a 39°C warm WS drop of 500 µL -STEP 6. It was left on the warm plate for 1 min. This was followed by a wash-out procedure at RT (STEP 7): 2 × 2 min in DS1 and 3 × 3 min in DS2, 50 µL each. After this, COCs were washed and kept in BM (composition of the solutions, see Reagents and media).
Immunofluorescence microscopy
Freshly collected immature COCs were fixed in 4% PFA, permeabilized with 0.1% Triton X-100 for 10 min and blocked with 1% BSA prepared in PBS for 1 h. They were then incubated with primary antibody, either anti-CX43 polyclonal (1:500) or anti-CX37 polyclonal antibody (1:250) (Life Technologies Europe) diluted in blocking solution at 4°C overnight. COCs were washed with PBS/BSA and incubated for 1 h at RT with the appropriate secondary antibody conjugated with Alexa-488 (1:500) (Life Technologies Europe). Finally, COCs were washed and counterstained with Hoechst. Some samples were additionally stained with rhodamine phalloidin, F-actin conjugated to the red-orange fluorescent dye tetramethylrhodamine (TRITC) (Life Technologies Europe) for 1 h. COCs were mounted on slides. Images were obtained using a 20× (NA = 0.75) or a 63× water immersion (NA = 1.2) objective on a Leica TCS-SP8 X confocal microscope (Leica Microsystems).
Hemichannel dye uptake studies
We investigated the opening of hemichannels after vitrification and warming in immature COC cells by dye uptake assays with the hemichannel-permeable tracer propidium iodide (PI, 668 Da) and hemichannel-impermeable 10 kDa dextranfluorescein (FITC) (Life Technologies Europe) described earlier (Ortiz-Escribano et al. 2017) . After warming, COCs were incubated 25 min in a 50 µL drop of PI solution (1 mM PI in HM) at RT. Because PI is also taken up by dead cells with ruptured plasma membranes, we added dextran-FITC (200 µM) which cannot pass through hemichannels but readily enters the cell through disrupted membranes. We used Gap26 to inhibit hemichannels composed of CX43 and CX37 without affecting gap junctions when applied over a limited time period (1 h) as previously demonstrated (Ortiz-Escribano et al. 2017) . As a positive control, we used medium without divalent cations (Ca 2+ and Mg 2+ ), which is a well-known stimulus for the opening of both CX43 and CX37 hemichannels (Li et al. 1996 , Contreras et al. 2003 , Puljung et al. 2004 ). Next, COCs were washed in HM, fixed and counterstained with Hoechst. COCs were mounted on slides. Three images 10 µm apart were taken of each COC using a 20× objective on a Leica TCS-SP8 X confocal microscope (Leica Microsystems). First, the total surface area stained by each dye was determined. The PI-positive area was expressed relative to the total area of nuclei stained with Hoechst. The dye-positive areas were quantified with FIJI ImageJ after application of a threshold corresponding to the upper level of the background signal.
Cell death TUNEL assay
For quantification of cell death after vitrification and warming, immature COCs were fixed and then permeabilized as described in the previous section. Cell death was detected by TUNEL staining, using an in situ cell death detection kit in accordance with manufacturer's instructions (Roche, Belgium). The size of the TUNEL-positive area was expressed relative to the total area of nuclei stained with Hoechst per COC.
Optimization of the vitrification protocol for minimal PI dye uptake and TUNEL staining
We tested the effect of varying several parameters of the vitrification protocol and evaluated their influence on PI dye uptake as a proxy for hemichannel opening and on TUNEL positivity for cell death/apoptosis. Based on those results we performed a stepwise protocol optimization process during which the following parameters were optimized ( Fig. 2): (i) the time of the equilibration step before vitrification ( Fig. 1 , last droplet of STEP 1), (ii) the temperature of the vitrification and warming steps, (iii) the concentration of the CPs used and (iv) the extracellular Ca 2+ concentration. Finally, after vitrification and warming we tested the maturation, cleavage and blastocyst formation rates after parthenogenetic activation for all groups: the primary protocol and the two optimized protocols A and B.
Statistical analysis
Data are expressed as mean ± s.e.m., with 'n' denoting the number of COCs used in the experiment. Every experiment was repeated at least three times. Statistical analysis was done using GraphPad Instat (GraphPad Software). Bars of various conditions in the dye uptake and TUNEL experiments were compared by the Kruskal-Wallis test, a non-parametric ANOVA-based method. Binomial variables obtained from the maturation, cleavage and blastocyst formation experiments were analyzed using a binary logistic regression model. The level of statistical significance was set at P < 0.05. 
Figure 1
Overview of the experimental design and primary vitrification and warming protocol. Immature oocytes were collected from ovaries from the slaughterhouse. The non-vitrified control group was kept in the basic medium (BM) medium during the vitrification time, and then directly divided into groups: (1) hemichannel dye uptake assay, (2) cell death TUNEL assay or (3) for development test. For the latter, COCs were in vitro matured for 26 h and then parthenogenetically activated with 5 µM ionomycin. Maturation was based on Hoechst staining, cleavage was assessed after 45 h of culture. Vitrified groups were vitrified, stored in liquid nitrogen (LN 2 ) and warmed. The process of vitrification and warming is described in detail in the gray shaded panel. The primary protocol consisted of two equilibration steps: for equilibration STEP 1, COCs were kept in a 50 μL droplet of BM solution for 1 min. This droplet was then merged with an adjacent 50 μL droplet of ES 1 for 2 min; then again merged with a third 50 μL ES 1 droplet for 2 min. Next, oocytes were transferred to a fourth ES 1 droplet for 10 min. During STEP 2 oocytes were sequentially transferred to three 25 µL droplets of ES2 solution, for 5 s, 5 s and 10 s, respectively. The fourth drop was used to load 8-9 COCs on the HSV straw -STEP 3. Then, oocytes were loaded on the straws (STEP 3), submerged in LN 2 (STEP 4) and stored for 12 h (STEP 5). Warming consisted of transfer to a 500 μL WS droplet of 39°C for 1 min (STEP 6) and subsequent washing in the 50 µL droplets of decreasing sucrose concentrations: 2 × 2 min in DS 1 and 3 × 3 min in DS 2 (STEP 7). All the steps were performed at RT (24-27°C) except the first droplet of the warming step (39°C). After warming COCs were placed in the BM medium until all the oocytes from each group were thawed and then were divided into groups based on the performed experiment. The figure was created using Servier Medical ART.
Results
Connexin expression in bovine COCs
Immunostaining analysis confirmed the presence of both CX43 and CX37 in immature COCs (Fig. 3 ). CX43 expression was found in cumulus cells, whereas CX37 was localized in the oocyte, in line with data on mice and humans (Simon et al. 1997 , Wang et al. 2009 ). Both CX43 and CX37 were present in transzonal projections that traverse the zona pellucida and connect the cumulus cells with the oocyte as heterotypic gap junction channels formed by the two CX isotypes (Kidder & Mhawi 2002) .
Dye uptake studies in COCs indicate hemichannel opening in response to vitrification
We investigated whether the vitrification process triggers hemichannel opening in immature COC cells ( Fig. 1 shows experimental design). We used Gap26 Stepwise guide through protocol optimization process (200 µM) to inhibit hemichannel opening without affecting gap junctions; the peptide was added to the solutions of vitrification STEP 2, just before loading on the vitrification straw, such that it was present during LN 2 immersion (steps are defined in Fig. 1 ) as well as the warming (STEP 6) and dilution (STEP 7) steps. Ca 2+and Mg 2+ -free medium, which triggers hemichannel opening, was used as positive control. As shown in Fig. 4A , vitrification significantly increased the percentage of PI-positive cells compared to the nonvitrified control and this was significantly inhibited by Gap26, indicating dye uptake occurred through CX hemichannels. Importantly, PI-positive cells were always cumulus cells, never oocytes. The number of cumulus cells positive for dextran-FITC (10 kDa), which does not permeate through hemichannels, was always below 0.5%, pointing to no major disturbance of the plasma membrane or low levels of other large pores that would allow the passage of a 10 kDa tracer. Oocytes were never positive for dextran-FITC. Taken together, these results indicate that PI uptake in cumulus cells triggered by vitrification occurred through hemichannels, most likely composed of CX43.
Hemichannel opening does not occur in response to vitrification solutions and cell manipulation in the absence of LN 2 cooling and warming
We further tested whether the solutions and the associated cell manipulations on their own or in combination with LN 2 cooling and subsequent warming could trigger hemichannel opening. A first group was exposed to the STEP 1-associated ES1 solution (Fig. 1) at RT, followed by the PI dye uptake assay. A second group was exposed to the STEP 1 solution (ES1) followed by transfer to the STEP 2 solution (ES2). A third group was exposed to all steps and associated solutions, except the LN 2 cooling of STEP 4 and the storage of STEP 5. As a fourth condition, COCs were exposed to the full procedure including all steps; in these experiments, STEP 5 storage was limited to approximately 30 min. All groups were compared to non-vitrified controls incubated in BM.
In the first three groups, no significant PI dye uptake was observed. By contrast, group 4 undergoing the full procedure showed significant dye uptake (Fig. 5 ). This suggests that dye uptake and hemichannel opening only occurs when combined with the cooling step, and it is not triggered directly by the other steps of vitrification/ warming protocol.
Vitrification increases TUNEL staining of COCs
We performed TUNEL staining to study cell death after vitrification in immature COCs (Fig. 1 shows experimental design); this assay mainly tests for apoptosis, but may also be positive for other cell death modes (Kraupp et al. 1995) . We found that vitrification significantly increased the percentage of 
Figure 5
Hemichannel-mediated dye uptake after each step of vitrification process. Dye uptake in COCs was performed after each step of vitrification (equilibration 1 -STEP 1, two equilibration steps 1 and 2 -STEP 1 and 2, equilibration 1 and 2 and loading on a vitrification straw -STEP 1, 2 and 3, two equilibration steps 1 and 2, loading on a straw, warming and wash-out procedure STEP 1, 2, 3, 6 and 7 or full vitrification procedure (includes cooling in LN 2 )vitrified to assess the trigger for hemichannel opening. HC opening was observed only after full vitrification procedure (LN 2 cooling and warming)) . Exposure to media with a high concentration of CPs, warming from RT to 39°C or mechanical stimulation during handling did not increase HC opening. The graph shows summary data of the percentage of the PI-positive area relative to the total nuclei (Hoechst) area per COC. Data are presented as mean ± s.e.m., results were analyzed with a non-parametric ANOVA, Kruskal-Wallis test; ***P < 0.001 -difference vs all other groups.
TUNEL positivity and this was partially inhibited by Gap26. Oocytes were never TUNEL-positive ( Fig. 4B ). Vitrification thus induces TUNEL positivity without major associated uptake of 10 kDa dextran-FITC dye (always below 0.5% of the cells), which is in line with the progression of apoptotic cell death, whereby DNA is being fragmented but the plasma membrane stays intact and does not display gross leakage.
Optimization of the vitrification protocol
Based on the results of PI dye uptake as a proxy for hemichannel opening and TUNEL positivity for cell death/apoptosis we performed a stepwise protocol optimization process. The optimized parameters were (Fig. 2) : (i) the equilibration time: the time of the equilibration step before vitrification (Fig. 1 , last droplet of STEP 1), (ii) the temperature of the vitrification and warming, (iii) the CPs concentration and (iv) the extracellular Ca 2+ concentration.
Equilibration time
The duration of the equilibration step crucially determines the time for diffusion of the CPs into the tissue and cells. In the PI dye uptake experiments, the equilibration time needed to be prolonged from the standard 10 min in the primary protocol to 20 min in order to obtain minimal dye uptake, significantly less compared to the other times tested ( Table 1 summarizes the equilibration times tested; Fig. 6A shows results). For the TUNEL staining, the equilibration time needed to be further prolonged to 30 min to minimize the TUNEL signal (Fig. 6B) ; there, the TUNEL signal became significantly less compared to the other equilibration periods tested. Because the optimal condition was different for dye uptake vs TUNEL assays, we decided to test both conditions further for the other parameters: we assigned them as protocol A (20 min equilibration, minimal dye uptake) and protocol B (30 min equilibration, minimal TUNEL) respectively.
Temperature
Here, we tested dye uptake and TUNEL staining for both protocol A and B. Interestingly, we noted that the dye uptake responses were slightly different between protocol A and B. In protocol A, PI uptake and TUNEL positivity at 39°C were significantly higher compared to all other conditions ( Fig. 7A 1 -A 2 ; Table 1 gives temperatures tested). The primary protocol RT/39°C condition was not different from the RT condition and, therefore, we kept the primary RT/39°C setting. In protocol B, both RT/39°C and 39°C temperature conditions resulted in significantly higher dye uptake than at RT, so we chose RT here ( Fig. 7B 1 -B 2 ) . TUNEL results were low overall, between 1 and 2%. Therefore, we chose RT as the best compromise for combined low TUNEL/dye uptake scores.
Cryoprotectant concentration
In protocols A and B, low CP concentrations gave the highest dye uptake response. In protocol A, standard and high CP concentrations were not significantly different, but standard concentrations were slightly lower, so we did not make any changes (Fig. 8A 1 ; gives CP concentrations tested). In protocol B, high CP concentrations resulted in considerably less dye uptake than standard concentrations, so we chose to increase the CP concentration ( Fig. 8B 1 ) . TUNEL results were very low (0-1%) and not significantly different from each other for both A and B protocols ( Fig. 8A 2 and B 2 ) .
Extracellular Ca 2+ concentration
Strikingly, changing extracellular Ca 2+ gave the most divergent responses for protocols A and B. In protocol A, dye uptake was low (in the order of 1 to 4%) reflecting the efficiency of the previous optimization steps. The standard Ca 2+ concentration (Table 1) gave the lowest dye uptake which was not different from non-vitrified control (Fig. 9A 1 ) . As a result, we did not make any further changes to the protocol. In protocol B, dye uptake was the highest for zero extracellular Ca 2+ , significantly above the other groups, while low and normal Ca 2+ were not different from each other but significantly higher than non-vitrified control (Fig. 9B 1 ) . Because low Ca 2+ resulted in the lowest dye uptake, we decided to use this condition for protocol B. As was the case for CP concentration, overall TUNEL results were very low (0-1%) reflecting the efficiency of the preceding optimization steps; accordingly, no further protocol adaptions were made. Table 1 concisely summarizes the final optimized parameters for protocols A and B after the four-step procedure explained above; Fig. 9 summarizes the optimized scores for dye uptake and TUNEL staining. Interestingly, protocols A and B had comparable final TUNEL scores (protocol A 0.6%; protocol B 2.2%; statistically not significantly different) while dye uptake in these two conditions were significantly higher in protocol B compared to A (protocol A 0.75%; protocol B 3.45%; P < 0.0001 Kruskal-Wallis test with data input of all data bars of Fig. 9A 1 & B 1 and selected comparison of the two patterned bars).
Effect of optimized vitrification protocols on oocyte maturation and developmental competence
We tested a control non-vitrified group and three vitrified groups: (i) the primary protocol, (ii) the optimized protocol A and (iii) the optimized protocol B on in vitro maturation and cleavage/development to blastocysts after parthenogenetic activation. Vitrification of GV-stage COCs led to significant reductions in in vitro maturation rates compared to non-vitrified controls ( Table 2) . No significant differences were detected in the number of oocytes that ceased their development at GV-stage or achieved MII-stage among the vitrified groups. Similarly, the cleavage and blastocyst rates of vitrified COCs were significantly lower than those in the non-vitrified control (Table 3 ). However, in protocol A, oocytes exhibited significantly higher cleavage rates compared to protocol B, but the difference did not attain statistical significance compared to the primary protocol.
Discussion
Obtaining a vitrified state, in theory, requires optimizing several basic parameters. Unfortunately, species and cell differences preclude creating a standardized protocol that is universally applicable (Elliott et al. 2017) . Here, we focused on CXs, in particular hemichannels, as a specific plasma membrane proteins that have potential as a target to improve the efficiency of cryopreservation (Bol et al. 2013 ) and vitrification in particular (Ortiz-Escribano et al. 2017 ). The present study shows that vitrification of bovine GV-stage immature COCs results in the opening of hemichannels in the cumulus cells. The trigger for the opening resides in the period of fast cooling/warming and is not caused by osmotic stress or toxicity of CPs. Some studies seem to confirm that Figure 9 Fourth step of protocol optimization: influence of the extracellular Ca 2+ concentration on the probability of hemichannel opening (A 1 -B 1 ) and apoptotic cell death (A 2 -B 2 ). COCs were vitrified with different optimized protocols and different extracellular Ca 2+ concentrations of the media were tested (A: 20 min residence in the last equilibration drop, RT throughout the process except the 39°C warming drop, standard CP concentration: 7.5% DMSO/7.5% EG in STEP 1 and 15% DMSO/15% EG in STEP 2 and B: 30 min residence in the last equilibration drop and RT throughout, high concentration: 10% DMSO/10% EG in STEP 1 and 20% DMSO/20% EG in STEP 2). Best vitrification conditions were chosen based on the previous results and are indicated with a pattern or a black box for lowest HC opening and for the lowest TUNEL positivity (A 1 -A 2 shows results of protocol A, and B 1 -B 2 shows results of protocol B). The graphs illustrate summary data of the percentage of the PI-positive cell area or TUNEL-positive area relative to the total nuclei (Hoechst) area per COC. All data are presented as mean ± s.e.m., results were analyzed with a non-parametric ANOVA, Kruskal-Wallis test; ### P < 0.001 difference of control vs vitrified; *P < 0.05, ***P < 0.001. et al. 1995) . However, others observed morphological changes in both cases (exposure to CPs and full vitrification procedure) (Hochi et al. 1996) .
In the vitrified state, cell signaling is silenced, so hemichannel activation is most likely to take place during the subsequent warming phase. Open hemichannels can, because of their poor molecular and ionic selectivity and high single-channel conductance (~220 pS for the cumulus-associated CX43), disturb cell function by forming a leakage pore, a process which may further proceed to cell death. Cell death in cumulus cells is known to compromise the viability and developmental potential of the oocyte (Men et al. 2003) . Based on this, we aimed to determine optimal cryopreservation conditions that would lead to minimal hemichannel opening and cell death and improved post-vitrification outcomes. The major findings we report here are (i) that hemichannel opening (assessed by dye uptake) as well as cell death (assessed by TUNEL staining) consequent to vitrification can be minimized by adapting critical process parameters, (ii) that dye uptake/hemichannel opening is a sensitive measurement to assess stress conditions occurring in the cumulus cells and (iii) that optimization along protocol A gives a better outcome than along protocol B as assessed by the cleavage rate after parthenogenetic activation. Below, we discuss these findings in more detail.
We used dye uptake and TUNEL staining to guide the optimization of critical vitrification parameters, such as equilibration time, temperature, CP concentration and extracellular Ca 2+ concentration (Fig. 2) . Already in the first optimization step, testing equilibration time, we found that optimization gave a distinct outcome depending on whether the outcome was evaluated by dye uptake or the TUNEL assay. As a result, we distinguished two different protocols, A and B, that were used throughout the entire optimization procedure (Table 1 ). In these two protocol arms, optimization was guided by the best compromise between hemichannel opening and cell death scores.
Equilibration time is critical and its prolongation, especially when cryopreserving complex structures like COCs, will secure more time for CP diffusion. Cumulus cells have an influence on CP permeability, with some reporting they may enhance CP penetration, thereby sheltering the oocyte against rapid osmotic changes (Miyake et al. 1993 , Cetin & Bastan 2006 , while others found that cumulus cells hinder CP movement across the oocyte membrane (Brambillasca et al. 2013 ). In the original protocol (designed for MII oocytes), equilibration comprises gradual exposure to increasing CP concentrations to prevent osmotic shock, followed by a 10-min exposure to half the CP concentration. Not surprisingly, our experiments demonstrate that prolonging the equilibration time resulted in less dye uptake and TUNEL positivity: 30 min was optimal for minimizing the TUNEL readout, while 20 min minimized dye uptake, suggesting that the two assays measure different aspects of cell stress.
The permeability of the plasma membrane to CPs and water depends on the temperature, cell type, developmental stage, and species. At RT, DMSO moves through the oocyte membrane mainly by simple diffusion; for EG, water channels have also been implicated in addition to simple diffusion (Jin et al. 2011) . Higher temperature enhances diffusion of CPs (Pegg 2015) , but may also favor stress and toxic signaling pathways (Karlsson et al. 2014) . In line with the latter, increasing the temperature to 39°C (equilibration and warming) resulted in the highest dye uptake and TUNEL signal. The TUNEL assay of protocol B (Fig. 7B 2 ) unexpectedly demonstrated the lowest signal for the 39°C condition.
As already referred to, high CP concentrations are needed for successful vitrification and in line with this, we found that low CP concentrations gave strong dye uptake in protocol A as well as B ( Fig. 8A 1 and B 1 ) . In protocol B, the high CP concentration was optimal, probably due to the lower temperature chosen in the previous step, which is expected to decrease CP permeation. Importantly, dye uptake appeared to be a sensitive reporter of low CP-induced cell stress; in contrast, the TUNEL staining was not responding to alterations in CP concentration suggesting that dye uptake and TUNEL scoring measure distinct cell stress responses.
The effect of different Ca 2+ concentrations in the vitrification medium on immature COCs has never been tested before. Excessive entry of Ca 2+ into the cell after vitrification, through Ca 2+ channels or other less selective pathways including open hemichannels (De Bock et al. 2012 , Fiori et al. 2012 , may disturb physiological processes and trigger cell death (Decrock et al. 2009b) . As a result, lowering extracellular Ca 2+ may protect the cells against excessive Ca 2+ entry during vitrification (Larman et al. 2006 , Succu et al. 2011 . Reducing extracellular Ca 2+ is, however, not universally protective as lowering extracellular Ca 2+ is a well-known trigger for hemichannel opening (Thimm et al. 2005 ) and the necessity of extracellular Ca 2+ and Mg 2+ in the medium to prevent oocyte cell injury (Karlsson et al. 2014) . In line with this, we found that lowering extracellular Ca 2+ to zero significantly promoted hemichannel dye uptake in protocol B. The effect of Ca 2+ concentration in the media was negligible in protocol A, as it was already optimized for minimal dye uptake in the first optimization step. When analyzing the various steps of the optimization procedure, it is notable that for the four steps, dye uptake assays showed the strongest responses (see Figs 6A, 7A 1 After having optimized the conditions of protocols A and B, we next tested the impact of this on oocyte maturation and subsequent developmental potential. Most remarkably, regarding maturation, none of the two optimized protocols had any significant effect on the meiotic stages, i.e. GV stage, intermediate stage and MII (Table 2 ). This is noticeable as it implicates that cumulus cells demonstrating dye uptake or TUNEL positivity have no impact on the progression of nuclear maturation. Interestingly, it has been proposed that vitrification-induced cell death occur in the periphery of the cumulus mass and has therefore little effect on CX communication within the COC (Tharasanit et al. 2009 ), but others have reported different observations (Hochi et al. 1996 , Bogliolo et al. 2007 ). Nuclear maturation rates were lower in all vitrification groups compared to the non-vitrified condition and various findings have been reported with similar (Ezoe et al. 2015 , Tashima et al. 2017 ), lower (Azari et al. 2017 , El-Shalofy et al. 2017 or even higher maturation rates after vitrification (Bulgarelli et al. 2017) .
Concerning developmental rates after parthenogenesis, all protocols applied here gave higher cleavage and blastocyst rates than observed by Bulgarelli et al. (2017) and (Ezoe et al. (2015) . Interpretation of maturation and developmental results should take into account that we used a closed vitrification system, which reduces the risk of sample contamination at the expense of slightly lower cooling rates. Most interestingly, we found that the cleavage rate after parthenogenetic activation was significantly higher in protocol A as compared to protocol B (Table 3) . To understand the improved cleavage rate in protocol A compared to protocol B, one needs to consider the differences between the two protocols: TUNEL scores were very low and not significantly different, but dye uptake scores were significantly higher in protocol B compared to protocol A and to nonvitrified control. Consequently, the finding that protocol A was better than protocol B in terms of cleavage rates is likely to result from the significantly lower dye uptake in protocol A, that in the final stage was not different from the non-vitrified control. However, we cannot exclude that the unusually long 30 min equilibration of protocol B (Table 1) is perhaps good for reducing cell death ( Fig. 6B ) but may have other detrimental side effects that could underlie lower performance of protocol B compared to A.
Comparison of protocol A with the primary protocol did not attain statistical significance, which is remarkable because the primary protocol had significant dye uptake (~10%) and TUNEL positivity (~4%); yet, it resulted in maturation and developmental scores that are not different from optimized protocol A. This indicates that factors other than hemichannel opening and cell death may play a role. Here as well, the prolonged equilibration time (20 min for A and 30 min for B) may have exerted a negative impact that counteracts the beneficial effects of reducing hemichannel opening and cell death in the cumulus cell mass. Hemichannel opening does not seem to emerge as a major cause of cell death because there was no clear relation between the conditions that reduce hemichannel opening measured by dye uptake and cell death measured by TUNEL staining. This suggests that, in addition to TUNEL and hemichannel assays, other cell stress reporters are needed to fully probe the best conditions and further optimize cryopreservation success.
In conclusion, our work demonstrates that hemichannel dye uptake is a sensitive method to assess cell stress/injury after cryopreservation. Optimizing the vitrification protocol of bovine COCs for minimal dye uptake, as a proxy for hemichannel opening, as well as minimal cell death, resulted in significantly higher cleavage rates after parthenogenetic activation compared to minimization of cell death with remaining hemichannel leakage. However, none of the optimized protocols was better than the original non-optimized protocol indicating that the proposed optimization method needs to be complimented by other cell stress indicators to effectively improve vitrification success in COCs and possibly, in other reproductive cells or tissues expressing CX proteins.
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